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ABSTRACT: Extracellular vesicles (EVs) play a key role in cell−
cell communication and thus have great potential to be utilized as
therapeutic agents and diagnostic tools. In this study, we
implemented single-molecule microscopy techniques as a toolbox
for a comprehensive characterization as well as measurement of the
cellular uptake of HEK293T cell-derived EVs (eGFP-labeled) in
HeLa cells. A combination of fluorescence and atomic force
microscopy revealed a fraction of 68% fluorescently labeled EVs
with an average size of ∼45 nm. Two-color single-molecule
fluorescence microscopy analysis elucidated the 3D dynamics of
EVs entering HeLa cells. 3D colocalization analysis of two-color
direct stochastic optical reconstruction microscopy (dSTORM)
images revealed that 25% of EVs that experienced uptake
colocalized with transferrin, which has been linked to early recycling of endosomes and clathrin-mediated endocytosis. The
localization analysis was combined with stepwise photobleaching, providing a comparison of protein aggregation outside and inside
the cells.

■ INTRODUCTION
Extracellular vesicles (EVs) are nanometer-sized, lipid bilayer-
enclosed particles which are released by cells and contain
lipids, metabolites, proteins, and nucleic acids.1−4 They
contribute to numerous cellular processes, including physio-
logical and pathophysiological intercellular communications,
immunomodulation, and inflammation, and also play roles in
cancer and neurodegeneration.3,5−7 Thus, they have great
potential for a host of clinical applications as diagnostic tools to
study disease progression,8,9 therapeutic applications such as
drug delivery,10−13 and regenerative medicines.14,15

The two major types of EVs are ectosomes (including
microvesicles) released directly from the cell surface and
endosome-derived vesicles (including exosomes) which are
released when multivesicular bodies fuse with the cell
membrane.16,17 The small fraction of endosome-derived
(small) EVs (sEVs) are 30−100 nm in size and enriched
with proteins such as CD9, CD63, and CD81 which belong to
the tetraspanin family and are often employed as EV
markers.18,19 Recently, various mechanisms have been
proposed for cellular internalization of EVs: clathrin-mediated
endocytosis, caveolin-dependent endocytosis, micropinocyto-
sis, phagocytosis, and receptor-mediated endocytosis.20−22 So
far none of these mechanisms have been studied extensively, in
part due to a lack of precision tools. Methodological solutions

which provide the capabilities to decipher the EVs’ population
heterogeneity in terms of size and purity as well as to monitor
the cellular uptake (dynamics) and colocalize the EVs to
organelles need to be developed.
Observation of molecular processes is essential for under-

standing the function of biological systems. Deciphering the
kinetics, transport, and localization of individual molecules is
specifically important as it often uncovers mechanisms veiled
in ensemble experiments.23 Fluorescence microscopy (FM)
comes with the advantage of noninvasive imaging, and higher
specificities have aided numerous cellular and molecular
studies, including investigations of EVs.17,24 3D single-
molecule tracking helped to reveal intercellular transport of
transferrin;25 it also was used to investigate spatiotemporal
transport dynamics of endocytic nanoparticles in cells.25 Two-
color quantum-dot tracking was used for quantification of
receptor dimerization rates.26 There have been also numerous
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methodological advances in the study of EVs, particularly in
relation to their uptake and internalization.27−30 Aggregation
analysis can provide insights on the predominant up-take
pathway.20,31,32 Studies using single-molecule localization
microscopy (SMLM) allow for detailed analysis down to the
single-EV level.17,33−36 Recently, atomic force microscopy
(AFM) has gained importance for nanoscopic analysis of EVs
as a complementary technology to SMLM.37−40 AFM has been
used for quantitative analyses of their size, mechanical
properties, and aggregation.40,41 Combining both of these
single-molecule sensitive methods provides a unique, exhaus-
tive toolbox for quantitative EV analyses.42,43

In this paper, we present a comprehensive characterization
of the cellular uptake of EVs at the single-molecule level, for
the first-time providing thorough information on the EV
population and later on the up-take dynamics and colocaliza-
tion to cell organelles of EVs from this population. As a model
system, small EVs isolated from transfected HEK293T cells
were used.44 To track individual EVs, the N-terminus of the
tetraspanin CD63 protein was labeled with a green fluorescent
protein (eGFP-CD63 EVs). We developed a toolbox for
single-molecule sensitive analysis capable of quantification on
aggregation, kinetics, and the EV sample quality using minimal
sample amounts, which enabled measurements to decipher
cellular uptake and biological efficacy. The combination of
AFM and 2D single-molecule FM (SMFM) as well as 3D
SMLM yielded a full picture of the purified, fluorescently
labeled, endosome-derived EV population in terms of size,
Young’s modulus, and number of eGFPs per EV.
The uptake of these EVs was previously confirmed in HeLa

cells; they remain mainly in the cytosol and in proximity to the
nucleus.44 Nevertheless, no information on the uptake
dynamics of EVs is yet available. Therefore, we have carried
out two-color 3D SMFM to simultaneously track EVs and
visualize the cell membrane. The determined trajectories
enabled deciphering a variety of EV diffusion behavior inside
and outside the cell. In a post-uptake showcase study using
two-color 3D localization microscopy and a newly developed
software, we measured for the first time the colocalization of
EVs with transferrin, which has been shown to be involved in
early endosomes and recycling in cells.45,46 Accordingly,
stepwise photobleaching of the signals originating from inside
the cells was carried out and compared to the respective EV
signals outside of the cells, providing information on EV-
clustering inside the cells.

■ MATERIAL AND METHODS
Transfection, Cell Culture, Isolation, and Character-

ization of EVs. HEK293T cells (ATCC #CRL-3216) were
cultured in Dulbecco’s Modified Eagles Medium (DMEM;
Thermo Fisher, Waltham, MA, USA), high glucose,
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher, Waltham, MA, USA) and 1% penicillin/streptomycin
(complete growth medium) at 37 °C in a 5% CO2 atmosphere.
Cells were transfected with the eGFP CD63 plasmid (Addgene
#62964) as described in ref 44. eGFP-CD63 EVs were isolated
by differential ultracentrifugation and characterized by Western
blotting.44 The pellet after centrifugation at 110 000g was
stored in 40 μL of PBS at −80 °C and diluted for the
experiments 1:100 with PBS.
Single-Molecule Fluorescence Microscopy. Fluores-

cence imaging of EVs and HeLa cells was done in three
dimensions by implementing 3D single-molecule imaging

using astigmatism.47 A cylindrical lens ( f = 1000 mm,
Thorlabs) was introduced into the optical detection path to
generate different focal planes for the x and y directions. 2D
Gaussian elliptical fitting enables determining the x,y-
elongation and consequently the z-position. A calibration
curve of widths of x and y as a function of z were
experimentally generated before each experiment using
multiple colored fluorescent nanobeads (1:1000 μL, Tetra-
Speck, Thermo Fisher Scientific) immobilized on a glass
substrate. These calibration curves also allowed for correction
of any spectral aberration existing in the instrument. A stack of
200 frames with a step size of 10 nm over a range of 2 μm was
acquired (20 ms illumination time, 33 ms delay). The
calibration curve was calculated and 3D dSTORM images
were analyzed using a custom written software in Qt/C++.48

Images were acquired using a modified Olympus IX81 inverted
epifluorescence microscope with an oil-immersion objective
(UApo N 60×/1.49 NA, Olympus). The sample was
positioned on a three axes piezo stage (P-733.3DD, Physical
Instruments) with nanometer precision on top of a mechanical
stage with a range of 1 × 1 cm. The sample was illuminated by
a 488 nm diode laser (Toptica Photonics, Graefelfing,
Germany) in wide-field configuration. The cell membrane
labeled with Alexa 647 conjugated anti-CD59 antibody
(Thermo Fisher, Waltham, MA, USA) and a transferrin
labeled with Alexa 647 were excited with a 646 nm diode laser
(Toptica, Photonics, Graefelfing, Germany). The signal was
detected using an Andor iXonEM+ 897 (back-illuminated)
EMCCD camera (16 μm pixel size). The following filter sets
were used: dichroic filter (ZT405/488/561/640rpc, Chroma,
Olching, Germany), emission filter (446/523/600/677 nm
BrightLine quad-band band-pass filter, Semrock, Rochester,
NY, USA), and an additional emission filter (HQ 700/75 M,
NC209774, Chroma Technology GmbH, Olching, Germany).
Simultaneous two-color imaging was carried out using a dual
emission filter cube (OptoSplit II image splitter, Cairn
Research, 525/50, 675/50). The 3D localization of EVs was
analyzed using a custom-built software: 3D STORM tools.49

Stepwise Photobleaching. eGFP-CD63 EVs were
excited using a diode laser (488 nm, Toptica Photonics,
Graefelfing, Germany). In addition to the above-described
optical path, the fluorescence signal was filtered with an
emission filter (525 ± 25 nm, Semrock, US). A sequence of
500 images with an illumination time of 20 ms at a laser
intensity of 5 kW/cm2 was acquired. The signals of individual
EVs were analyzed using a previously described single-
molecule analysis platform.50 A detailed description is available
in the Supporting Information.
Cellular EV Uptake. HeLa cells were cultured in

Dulbecco’s Modified Eeagle’s Medium (DMEM, Thermo
Fisher, Waltham, MA, USA), high glucose, supplemented
with 10% fetal bovine serum (FBS; Thermo Fisher) and 1%
penicillin/streptomycin (complete growth medium) at 37 °C
in a 5% CO2 atmosphere. HeLa cells were seeded in Lab-Tek
8-well chambered cover glasses (Thermo Fisher, Waltham,
USA) or on self-prepared chambers pasted on glass slides with
2-component glue. The glass slides were coated with 5 μg/cm2

poly-D-lysine (PDL; Advanced BioMatrix, Carlsbad, CA, USA)
or 1 μg/cm2 fibronectin (Sigma-Aldrich, St. Louis, MO, USA).
Cells were cultured in complete growth medium for 48 h (80−
90% confluency). Cells were washed once 2 h before the
experiment, and the medium was changed to low-fluorescence
FluoroBrite medium (Gibco, Carlsbad, CA, USA) supple-
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mented with 1% EV-depleted FBS to reduce autofluorescence
and starve the cells. eGFP-CD63 EVs were diluted 1:100 in
PBS, added to the cells, and incubated for 30−60 min at 37 °C
in 5% CO2 atmosphere. To label the outer cell membrane,
anti-CD59 monoclonal antibody conjugated with AlexaFluor
647 (Thermo Fisher, Waltham, MA, USA) was added for 10
min and washed prior to imaging.
3D Tracking. Tracking of EVs was performed using a

modified version of Trackpy software.51 A full description of
the Trackpy tool is available at http://soft-matter.github.io/
trackpy/v0.5.0/. In this study, single-molecule localization data
(obtained by 3D STORM tools) was used as an input for
Trackpy. The following parameters in the Trackpy software
were applied: maximum distance that the fluorescence signals
can move between frames (i.e., search range) was 480 nm;
minimum trajectory length was set to zero; maximum number
of frames that a fluorescence signal can disappear and still be
considered the same track was set to 0 (tracks with missing
frames were discarded).
Mean Square Displacement (MSD) Analysis. Diffusion

analysis was performed by a custom written MATLAB
platform (based on @msdanalyzer).52 The spreadsheets with
linked coordinates (output from Trackpy tool) were used as
input for @msdanalyzer. For the colocalization analysis of
internalized EVs and transferrin from human serum conjugated
with AlexaFluor647 (Invitrogen, Carlsbad, CA, USA), HeLa
cells were cultured for 48 h on glass slides coated with 1 μg/
cm2 fibronectin. eGFP-CD63 EVs were diluted 1:100 in
FluoroBrite medium supplemented with 1% EV-depleted FBS
and incubated with HeLa cells for 30 min at 37 °C in 5% CO2
atmosphere. After EVs were internalized by the cells,
transferrin was added to the cells and incubated for 10 min

of incubation at 37 °C, 5% CO2. Cells were washed and fixed
with 4% paraformaldehyde (PFA) in PBS. Imaging was
performed in OxEA buffer (50 mM β-mercaptoethylamine,
3% oxyrase, 100 μM DL-lactate, 30v/v% glycerine) in PBS
adjusted to pH 8.0−8.5 with NaOH. Images were acquired as
previously described. Samples were illuminated for 20 ms, and
a sequence of 10 000 frames was recorded with a delay
between individual images of 33 ms. During the camera chip
read-out, UV light (405 nm diode laser, Toptica Photonics)
was additionally used to activate the probes, and the laser
power was adjusted during the measurements accordingly.
AFM-FM Colocalization Analysis. An AFM instrument

(JPK NanoWizard 4) mounted on an inverted optical
microscope (Zeiss Axio Observer) was used for sample
characterization. JPK QI mode was used to record complete
force−distance curves in each measured pixel. In all measure-
ments, MLCT-F cantilevers (Bruker) with a nominal tip radius
of 20 nm and a spring constant of 0.6 N/m were used. The
indentation force was set to 0.8 nN. Height and Young’s
modulus (elasticity) were extracted from force−distance curves
via JPK data processing software. Young’s modulus was
obtained by fitting Hertz-contact model (paraboloid tip
shape; tip radius of 20 nm; Poisson’s ratio of 0.45). All
measurements were conducted in PBS at room temperature.
As an excitation source for fluorescence measurements, a

491 nm diode laser (Cobolt Calypso 100) was used. A 525 ±
25 nm bandpass filter (for detection of eGFP) or 700 ± 25 nm
bandpass filter (for detection of marks) was inserted in the
detection path. Alignment marks were polymeric dots
structured via multiphoton lithography with high autofluor-
escence.53 Alignment of the AFM and FM images was done in
several steps: (1) Coordinates of all particles and marks were

Figure 1. Characterization of EVs. (a) AFM topographic image of the purified EV sample adsorbed to a glass coverslip with polymerized grid marks
for orientation. (b and c) Fluorescence images of the same area presented in panel a, red and green channels, respectively. (d) Colocalization map
of EVs detected via AFM in panel a and fluorescent emitting events of panels b and c. (e) Labeling ratio of EVs (n = 86) and other NPs (n = 350)
detected within a sample area of ∼500 μm2. (f) Histograms displaying the number of eGFPs per single EV analyzed on a glass substrate,
determined via SP (500 images, illumination time = 20 ms, I = 5 kW/cm2).
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extracted from AFM images by Gwyddion software (v2.58).54

(2) Coordinates of all fluorescent events (including the marks)
were extracted from FM images by 3D STORM tool
software.48 (3) Transformation (shift, rotation, and scaling)
was applied to the FM image of the fluorescence marks
coordinates until it fit the marks on the AFM image. (4) The
same transformation was applied to the FM image of the EVs.
(5) The maps of AFM and FM detected position were plotted
on one graph as presented in Figure 1d.
3D Single-Molecule Two-Color Colocalization Anal-

ysis. Colocalization analysis was performed by a custom
written MATLAB platform available at https://github.com/
CURTLab. Single-molecule localization data (obtained by 3D
STORM tools) was used as an input. Fiducial fluorescent
marker signals (tetraspeck beads) measured in two-color
channels were used as a reference. The detailed description of

the MATLAB routine is presented in the Supporting
Information.

■ RESULTS AND DISCUSSION
Quantitative Analysis of EVs by Combining AFM and

SMFM.We used a combination of AFM and SMFM to analyze
an isolated EV population with regard to their size and labeling
ratio. We isolated EVs by sequential ultracentrifugation, which
classifies them as the small EV-fraction according to the
Minimal Information for Studies of Extracellular Vesicles
(MISEV).55 For simplicity, we will use the general term “EVs”
for our sample. Sparsely distributed single EVs were
immobilized on glass coverslips. The quantitative imaging
(QI) mode of our AFM allowed us to simultaneously capture
the topography (Figure 1a) and the Young’s modulus (Figure
SI 1b) of the samples. Acquiring both parameters is crucial for
the distinction of EVs from other nanoparticles (NPs) (by the

Figure 2. 3D localization and diffusion dynamics of EVs in HeLa cells. (a) 3D localization of CD59 on the cell membrane with PAxy= 38.3 nm and
PAz= 99.4 nm. (b) 3D localization of EVs with PAxy= 32.7 nm and PAz = 56.7 nm. White dotted lines show the cell outline and a zoom of the
localized eGFP-CD63 EVs and CD59 position is presented in the insets of both images. (c) A trajectory of freely diffusing EV in the solution above
or near the cells (case 1). The plot shows 3D trajectory (color coded direction of movement) as well as its xy, yz, and xz projections. (d) MSD
plots for the trajectory shown in panel c. (e and f) Trajectory and MSD plots of an EV approaching cell membrane, passing through it, and
subsequently diffusing inside the cell (case 2). Different motion regions are indicated with dashed ellipses. (g and h) Trajectory and MSD plots of
an EV entering the cell and localized somewhere inside the cell (case 3). (i and j) Trajectory and MSD plots of an EV diffusing along the cell
membrane without entering the cell. For all trajectories, the line color indicates the direction of the EV movement during acquisition (starting point
is in red and the end in blue). The xy, yz, and xz projections are shown in black.
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height and/or Young’s modulus distribution).41 Figure SI 1c
shows the height distribution of 436 particles. AFM data
enabled a clear separation of EVs from surrounding NPs (e.g.,
cell debris and damaged EVs). The mean size for the EVs and
NPs was 45.5 ± 14.5 and 11.8 ± 5.5 nm, respectively.
Application of SMLM allowed for determination of the eGFP-
emitter positions on the glass slide (Figure 1c) where the
simultaneously obtained SMFM and AFM images were aligned
using a multiphoton lithography56 structured grid of
fluorescent fiducials (Figure 1a,b and Figure SI 1a; more
details are provided in Materials and Methods). By correlating
the EVs’ positions extracted from AFM data with the positions
of the fluorophores extracted from the SMFM data (Figure
1d), we were able to distinguish between labeled and unlabeled
EVs as well as between labeled and unlabeled NPs. Figure 1e
shows the percentage of labeled EVs and other NPs measured
within a representative area of ∼500 μm2. Nearly 68% of all
identified EVs were fluorescently labeled, while in contrast only
8% of NPs showed a fluorescence signal. The numbers of
detected EVs and NPs in the sample were nEVs = 86 and nNPs =
350, respectively. Information about labeling efficiency of EVs
(number of CD63-eGFP positive EVs) is necessary to correctly
estimate uptake efficiency/pathways. Moreover, the presence
of labeled contaminants in the EV solution (NPs) should also
be taken into account. The contribution of labeled NPs
(possibly eGFP-CD63 bound to cell debris or pure eGFP)
regarding their cell uptake is difficult to predict. However, we
have shown that purified eGFP is taken up ∼10× times less
efficiently compared to the EVs.44

We further determined the total number of eGFPs per EV
by counting the photobleaching steps in a stepwise photo-
bleaching (SP) experiment.57−62 Panels a and b of Figure SI 2
depict examples of SP measured on a glass substrate and inside
the cells, respectively. One of SP’s main advantages is its
independence from environmental conditions, which in
contrast to other methods44 makes it highly suited for
intracellular studies. To estimate the total number of labeled
transmembrane CD63 proteins per EV, asequences of 500
images with an illumination time of 20 ms were acquired. The
average intensity of a single GFP-CD63 EV on the glass
substrate was ∼700 ± 150 counts/pixel. Figure SI 2c
represents one of the recorded raw fluorescence images that
display randomly distributed, immobilized EVs on the glass
substrate. The photobleaching steps of individual EVs were
analyzed within the sequences using our analysis platform,
Spotty50 (additional information is in the Supporting
Information). The resulting average number of eGFPs per
EV was 2.9 ± 0.25 (standard error of mean), and the SNR was
22 ± 9. The resulting histogram of eGFPs per EV is shown in
Figure 1f: 28.8% of the total detected fluorescence signal
corresponded to a single eGFP signal and thus single CD63
proteins,44 and 22.7% showed two eGFP labels per EV; the
remaining population of 48.5% represents fluorescence signals
corresponding to three or more eGFPs per EV.
Uptake of EVs by HeLa Cells. For studying cellular

uptake of EVs in HeLa cells, it is essential to clearly distinguish
between the extra- and intracellular spaces. Toward this end,
we labeled the GPI anchored CD59 glycoprotein with an Alexa
647 conjugated anti-CD59 antibody to determine the z-
position of the cell membrane. The fluorescence signals of the
Alexa 647 conjugated anti-CD59 antibodies diffusing in the
membrane were observed over time, and the membrane’s
curvature was extrapolated. Figure 2a shows a pair of cells with

localized positions of the tracked CD59 molecules (n = 16 ±
10 per cell; position accuracy (PA) of 38 nm in the xy-
direction and 99 nm in the z-direction). The movement of the
cell membrane in the axial position was monitored over the
acquisition time and typically was in the range of PAz (∼100
nm, Figure SI 3). After the membrane stain, cells were
incubated with EVs, and 3D trajectories were obtained upon
localization of the emitter positions at a subdiffraction level.
The same cells with tracked and localized EVs (n = 25 ± 14
per cell, lateral PAxy of 32 nm and axial PAz of 56 nm) are
shown in Figure 2b. Consequently, we were able to distinguish
between the EVs approaching the cell from extracellular
regions and their transport across the membrane. The 3D
tracking information was used for a detailed study of the EVs’
diffusion (Materials and Methods). The diffusion behavior of
the eGFP-CD63 EVs has been quantified for each trajectory.
In general, the diffusion trajectories are divided into two main
groups: rather fast and rather slow tracks, with the ratio
(fast:slow) around 1:1.5 (in total ∼700 tracks were
considered). We have assigned fast tracks to the EVs outside
the cells and slow track to EVs inside or in the vicinity of the
cells. However, there are also mixed tracks (starting fast and
slowing down closer the end), which most probably represent
the uptake of the EVs by cells (crossing membrane border).
Figure 2c−j shows a representative exemplary trajectory of

most of these cases. We distinguished between four cases: Case
1: The EV freely diffuses in the solution outside the cells
(Figure 2c). This is represented by large movements in all
three directions. The mean square displacement (MSD)
analysis (Figure 2d) shows a Brownian motion with diffusion
coefficient D = 0.729 ± 0.008 μm2/s. The observed diffusion
coefficients are smaller compared to the theoretical values (5
μm2/s, by the Stokes−Einstein relation, D = kBT(6πηr)−1) as
well as experimental values (3 μm2/s on average) reported
earlier,63 but they are larger compared to the movement of
molecules bound to the plasma membrane (0.002−0.1 μm2/
s).64−66 The observed three-dimensional movement behavior
(Figure 2c) excludes the possibility of membrane attachment;
however, the dynamics of the EV outside of the cell might be
influenced by the extracellular matrix (e.g. glycocalyx) as well
as cell culture medium viscosity.67 Case 2 (Figure 2e): An EV
which approached the cell membrane from the extracellular
space (region 1), diffused across the membrane (region 2), and
subsequently diffused inside the cell (region 3). For the MSD
calculation, the trajectory was split manually into the
corresponding three subtrajectories (indicated in the 3D plot
by dotted ellipses) and analyzed separately (Figure 2f). The
MSD curve of region 1 suggests Brownian diffusion with
diffusion coefficient D = 0.89 ± 0.16 μm2/s, which is similar to
the value detected for particles outside the cells. In contrast,
region 2 shows directed motion with a characteristic speed v =
0.229 ± 0.013 μm/s. The region 3 (inside the cell) diffusion
behavior changed back to Brownian motion (D = 0.0063 ±
0.0003 μm2/s) with slight asymptotic behavior, indicating
confinement of the EV inside the cell. Case 3: The EV passed
across the cell membrane and moved inside the cell where it
finally was localized (Figure 2g). In this case, two different
motions could be observed. After crossing the cell membrane,
EVs change the motion from directed to Brownian, which is
visible in the MSD analysis (Figure 2h). The quadratic time
dependence of the first region yielded a speed of v = 0.212 ±
0.002 μm/s, which is similar to the previous case and in
accordance with other studies, where vesicle transport along
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microtubules have been observed.68 The constant value of
MSD at the second part (region 2) of the trajectory indicates
immobilization of EVs inside the cell. Case 4: An EV is
diffusing along the cell membrane without entering the cell.
Although the measured track was relatively long (∼35 s), the
observed EV did not enter the cell. Possible reasons could be
the tracked particle was not an EV but a fluorophore alone or a
damaged EV. Therefore, no active uptake pathway can be
observed, or our measurement time window was smaller than
time required for unspecific uptake. Second, the tracked EV
was intact but lacked the necessary binding protein for active
uptake.
3D Nanoscale Colocalization of EVs and Transferrin

Inside HeLa Cells. To demonstrate the capabilities of our
experimental instrument to resolve potential EV uptake
mechanisms, we performed 3D colocalization experiments of
eGFP-CD63 EVs and fluorescently labeled transferrin with
Alexa 647 (AF647−transferrin), a marker for the early/
recycling endosomal compartment. Transferrin binds to the
transferrin receptor on the cell surface, and the complex enters
the cell through clathrin-coated pit-mediated endocytosis and
is further directed to early endosomes.69,70 The 3D nanoscopic

colocalization was performed for 3D dSTORM two-color
localization data with average PAxy and PAz of 38 and 54 nm
for eGFP-CD63 EVs and 37 and 45 nm for AF647−transferrin,
respectively. HeLa cells were incubated with EVs for ∼30 min
at 37 °C, and after EV internalization, cells were fixed and
incubated with AF647−transferrin for 10 min (to reduce
unspecific binding) for imaging. The sparsely distributed
eGFP-CD63 EV signals inside HeLa cells were then localized.
Figure 3a,b shows corresponding dSTORM images of AF647−
transferrin and eGFP-CD63 EVs. To determine whether
internalized EVs aggregate inside HeLa cells, we quantified
the corresponding distribution in SP experiments and
compared it to the distribution determined for EVs on a
glass coverslip (Figure 1f). Figure SI 2d depicts a fluorescence
image of fixed HeLa cells, incubated with eGFP-CD63 EVs.
The fluorescence signal of a single eGFP-CD63 EV inside the
cell was 600 ± 330 counts/pixel (till = 20 ms, I = 4.2 kW/cm2)
with an SNR of 18 ± 4. The histogram determined from the
SP analysis (Figure 3c) represents the total number of eGFPs
per detected fluorescent signal inside the cells (Ncells = 10),
indicating on average 2.4 ± 0.2 (standard error of mean)
eGFPs per EV. The SP analysis revealed that 31.8% of the

Figure 3. Colocalization of EVs with respect to AF647−transferrin in HeLa cells. (a) dSTORM image of AF647−transferrin localized in HeLa cells
with a lateral PAxy of 37.1 nm and axial PAz of 45.6 nm. (b) dSTORM image of eGFP-CD63 EVs internalized in HeLa cells localized with a lateral
PAxy of 38.2 nm and axial PAz of 54.5 nm. Insets show a magnified area of the localized images (marked by yellow squares in panels a and b).
10 000 frames were recorded in two-colors simultaneously (till = 20 ms, I = 4.2 kW/cm2 and 7 kW/cm2 for EVs and AF647−transferrin imaging,
respectively). (c) Histograms of eGFPs signals originating from EVs inside HeLa cells (internalized after incubation for ∼30 min). Data were
acquired by SP (500 images, until = 20 ms, I = 5 kW/cm2). (d) Colocalization image of AF647−transferrin (blue) and eGFP-CD63 EVs (red) after
correcting for chromatic aberrations. Inset shows a magnified area of the colocalized image (marked with green box) where light blue labeled
AF647−transferrin clusters overlapped with EVs.
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detected fluorescence signals correspond to one eGFP
molecule, similar to what has been observed for eGFP-CD63
EVs on a glass substrate. 35.3% of the fluorescence signals
detected in cells had twice the eGFP intensity, a value 10%
larger compared to signals derived from eGFP-CD63 EVs on a
glass substrate. The remaining 32.9% of the fluorescent signals
in cells correspond to three or more eGFP molecules within a
diffraction-limited volume. Overall, the intensity distribution of
internalized eGFP-CD63 EVs was not significantly different
from sparsely distributed eGFP-CD63 EVs on a glass substrate.
Thus, we assume that the signals obtained in cells correspond
to taken up eGFP-CD63 EVs and not to its aggregates. To
analyze the colocalization of eGFP-CD63 EVs with AF647−
transferrin, we developed an image processing software for
two-color colocalization analysis (see the Supporting Informa-
tion). The software is based on individual cluster analysis of
localized emitter positions. Each cluster in the EV image is
tested for intersections or overlap with the clusters in the
AF647−transferrin image. The test is performed by computing
the convex hull intersection of the EV clusters with K convex
hulls constructed for its closest neighbors among the cluster of
AF647−transferrin localization positions. The closest neigh-
bors of the tested EV cluster are determined based on the
distance between its centroid and the centroids of the clusters
from the AF647−transferrin. Figure 3c,d shows the colocaliza-
tion images of eGFP-CD63 EVs with AF647−transferrin as
well as a magnification thereof (green box in panel c). In the
magnified image, the clusters of the AF647−transferrin which
colocalize with EVs are represented in light blue. For the
overlap analysis, localization precision of single emitters has
been considered (see the Supporting Information). The
analysis yields that 25.3% of all EVs show colocalization (n =
185 localized EVs in several cells) with AF647−transferrin.

■ CONCLUSION
The quantitative analysis pipeline presented in this work
combines data obtained from AFM and 2D SMFM as well as
3D SMLM. This yields a precise quantification of the purified,
fluorescently labeled, endosome-derived EVs which were later
incubated with HeLa cells. First, AFM and SMFM were used
to image simultaneously the same area, providing information
on the localization and intensity of the individual emitters.
Thus, we were able to differentiate between EVs and other
NPs based on their fluorescence signal and topography. A
fraction of 68% carried a label; the rest were either unlabeled
or non-EVs. Of the labeled fraction, 29% were carrying a single
eGFP (the rest had multiple labels), indicating the presence of
only one labeled CD63 in the membrane.
In a showcase study, EVs were incubated with HeLa cells,

and their uptake was analyzed in three dimensions. 3D two-
color nanoscopy was key to gain a full picture of particle
diffusion, especially dynamic capturing of the eGFP-CD63 EV
uptake events across the cell membrane as well as
colocalization of the eGFP-CD63 EVs with other organelles.
3D colocalization of two-color SMLM data supported by a
newly developed colocalization software allowed quantitative
studies of GFP-CD63 EVs and transferrin up-take. The
analysis yielded a 25% 3D overlap of eGFP-CD63 EVs with
transferrin. Additionally, SP data inside the cells showed no
aggregation of the taken up eGFP-CD63 EVs (compared to
the preanalyzed eGFP-CD63 EV population). Combined
colocalization and SP analysis gives information about delivery
of the eGFP-CD63 EVs (or EV components) to the organelles

in individual cells. This information is key for future work
addressing uptake pathway analysis and will provide
information about targeted delivery of eGFP-CD63 EVs.
Nevertheless, it has to be taken into consideration that 68% of
all eGFP-CD63 EVs carried a fluorescent label. The remeining
32% of unlabeled EVs can not be observed but potentially can
increase the colocalization results. Additionally, it can be
assumed that the CD63 N-terminally fused with eGFP does
not influence the protein function and thus a possible uptake
pathway.
In addition, all the experiments were carried out with the

same EV sample obtained from a single purification run. This
was possible due to at least a 100-fold or lower sample amount
needed (<109 EVs/ml) here compared to each of the most
standard EV quantification methods (e.g., nanoparticle
tracking analysis or Western blot) described in MISEV.55

In summary, quantification of aggregation, uptake dynamics,
and colocalization at a single-molecule level of the taken-up
EVs with cellular compartments and proteins provide added
value which is essential to deciphering biological processes
related to EVs at the single-cell level. The presented toolbox
allows considering the intrinsic heterogeneity of the EV
population by its precise precharacterization. It can address
numerous biotechnological and biological questions, such as
EV population-dependent uptake mechanisms, the impact of
storage on EV uptake, difference in diffusion dynamics of
different EVs, or delivery of EVs to cellular compartments. We
hope that the presented experimental pipeline will inspire and
initiate further studies in the EV community.
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